Introduction
In the past decades,t he miniaturization and molecularlevel control of materials have witnessed ap lethora of mathematically described tessellations achieved via atomically precise materials engineering.I nt his context, the realization of two-dimensional (2D) nanostructures is attracting increasing attention. [1] 2D supramolecular structures are expected to have promising applications in molecular devices and nanochips. [2] In particular,t he modular assembly of intricate structures and the associated design principles are posing acurrent challenge in this area. Recent breakthroughs include the concept of self-similarity expressed in intermolecular interactions,w hich lead to fractal structures [3] and high-order supramolecular networks. [4] Additionally,t he use of the extended coordination sphere of certain metal atoms, such as lanthanides,enabled the construction of Archimedean tessellations and 2D quasicrystals by the formation of welldefined nodes. [5] Here we introduce abioinspired building block, hydroxamic acid, for the construction of sophisticated, functional, and tunable 2D architectures.Hydroxamic acids are ubiquitous in nature and widely applied in chemistry,chemical biology,and medicine. [6] More recently,t hey have shown promise in dyesensitized solar cells as anchor groups optimizing the adsorption of dyes and the power-conversion efficiency. [7] The hydroxamic acid functional units are suitable binding groups for 2D self-assembled structures,w ith ab onding strength on the native oxides of metal surfaces determined to lie between carboxylic acid and thiol groups; [8] however, they are hitherto unexplored in the context of directing in-plane 2D structures. Notably,h ydroxamic acids bear ag reat versatility for intermolecular interactions and are predicted to form 25 possible two-fold bonding nodes based on hydrogen bonding. [9] Inspired by previous work on tectons containing multiple head groups,w hich enable the formation of intricate 2D tessellations,wedesigned and synthesized asymmetric linker molecule with opposing hydroxamic acid head groups and ab iphenyl backbone as an "inert" and tuneable moiety (biphenyl-4,4'-dihydroxamic acid, BPDH, Figure 1A ). We report on the adsorption of this tecton and its dynamic Abstract: Linear modules equipped with two terminal hydroxamic acid groups act as the building blockofdiverse twodimensional supramolecular motifs and patterns with roomtemperature stability on the close-packed single-crystal surfaces of silver and gold, revealing ac omplex self-assembly scenario.B yc ombining multiple investigation techniques (scanning tunneling microscopy, atomic force microscopy, Xray photoelectron spectroscopy, and density functional theory calculations), we analyze the characteristics of the ordered assemblies whichr ange from close-packed structures to polyporous networks featuring an exceptionally extended primitive unit cell with as ide length exceeding 7nm. The polyporous network shows potential for hosting and promoting the formation of chiral supramolecules,whereas atransition from 1D chiral randomness to an ordered racemate is discovered in ad ifferent porous phase.W ec orrelate the observed structural changes to the adaptivity of the building blocka nd surfaceinduced changes in the chemical state of the hydroxamic acid functional group. adaptation into intricate self-assembled structures featuring chiral pores.T othis end, we employ an integrated characterisation approach at the atomic scale encompassing scanning tunnelling microscopy (STM) and non-contact atomic force microscopy (nc-AFM) complemented with X-ray photoelectron spectroscopy (XPS) and density functional theory (DFT) calculations.
Results and Discussion
We have created films of submonolayer coverage of BPDH molecules on Au(111) and Ag(111) surfaces.T o characterize these,w ew ill first address the adsorption of the isolated molecules on the surface.S ubsequently,w ewill focus on the supramolecular self-assembly.Experimental and computational methods are detailed in the Supporting Information.
Isolated Molecule
BPDH molecules might exhibit ap lethora of isomers, including Z-E,r eferring to as ingle hydroxamic acid group ( Figure 1B) , cis-trans,r eferring to the relative configuration of the two hydroxamic acid groups in as ingle molecule, amide-iminol tautomers ( Figure S1 , Supporting Information), and zwitterionic forms. [10] Thes canning probe micros-copy study reveals very similar topographies for as ingle isolated molecule of BPDH on both surfaces (Figures 2A-C and S2). Under STM, they are visible as bright rods,consistent with the biphenyl backbone lying parallel to the Ag substrate along the h1 " 21i set of surface directions.I nn c-AFM ( Figure 2C ), the biphenyl moiety appears relatively flat as can be seen from the small variation of brightness across the backbone of the molecule. [11] Regrettably,t he end groups proved to be elusive. [12] In agreement with experimental data, AFM simulations reveal little contrast from the functional group ( Figure S3 ). According to our DFT simulation, BPDH is more stable in the Z-isomer amide form in the gas phase ( Figure S1 ). Moreover,t he existence of the iminol or zwitterionic form on the surface is not supported by the respective XPS data (see below). Hence,t oi dentify the preferential configuration of BPDH on Ag(111), the cis-and trans-isomers in the Z-type amide terminal groups as well as the hydroxamate forms were considered for simulating the single BPDH molecule adsorbed on Ag(111) ( Figure S3 ). The DFT simulations show that the biphenyl dihedral angle is reduced from 388 8 for the gas phase molecule to % 158 8 when adsorbed on the surface.F rom these,o nly the trans-amide form matched the biphenyl axis alignment along the h1 " 21i set of surface directions observed under STM ( Figure 2D ). The cis-amide form deviates by 98 8 from the observed alignment and is less favored by 0.05 eV.F urthermore,f or both transand cis-BPDH with dissociated OÀHb onds,t he biphenyl moiety is predicted to align along the h2 " 31i set of directions on the Ag surface,i nc ontrast to experimental observations.
Chemical State of Molecular Ensembles
TheO1s spectra of BPDH molecules on the Au(111) and Ag(111) surfaces after room-temperature (RT) deposition ( Figure 2E )provided asignature of the chemical state of the functional group.O nA u(111), two peaks at 531.6 eV and 533.0 eV with approximately 1:1r atio can be assigned to the almost equal presence of C=Oand ÀOH groups,respectively. Thec orresponding N1ss ignal appears as as ingle peak at 399.3 eV ( Figure S4 ). ForBPDH adsorbed on Ag(111) at RT, there is ac hange in the ratio of the components of the O1s signal, with the high-energy component attributed to the À OH group being partially depleted. This effect is accentuated after annealing to % 373 K( Figure 2E ). This is consistent with ag radual deprotonation of the À OH group commencing already at RT. [13] Discrepancies between the peaks of BPDH molecules on Ag(111) and Au(111) are tentatively ascribed to differences in the adsorption geometry,w hich is affected by supramolecular interactions (addressed in the subsequent sections). On silver, the N1ss ignal displays ap eak at 399.4 eV ( Figure S4 ). We therefore infer that after RT deposition, the hydroxamic acid moieties are mostly intact on both surfaces,w hereas annealing is promoting the surface-induced cleavage of the O À H bond, an effect which is more pronounced on Ag(111). 
Close-Packed Structures
Close-packed structures appear already at submonolayer BPDH coverages and dominate the STM images at higher coverages on both Ag(111) (Figures 2A and 3A )a nd Au-(111) ( Figure S2 A). Them olecules form 1D hydrogenbonded chains which aggregate and result in 2D islands, reminiscent of the assembly of related biphenyl-4,4'-dicarboxylic acid on Au(111) and Cu(111). [14] Close inspection reveals that the molecular rods appear asymmetric in the STM image with one end being brighter than the other. Interestingly,t he direction of the bright ends (marked with yellow and black rectangles in Figure 3A )i nverses between neighboring chains resulting in ar egular structure with am olecular density of 1.0 molecule nm À2 .S ince the same supramolecular structure was identified on both Ag(111) and Au(111), we modelled it with intact molecules on Ag(111)in accordance with the XPS signals ( Figure 2E )-in the favourable trans-conformation ( Figure S5 ). TheS TM image agrees well with the partially overlaid DFT model (Figure 3A) . Each hydroxamic acid group participates in two hydrogen bonds ( À OH···O = C À )w ith its neighbor,w hich further stabilize the molecule in the close-packed structure (adsorption energy of À2.4 eV) compared to the isolated molecular adsorbate (À2.1 eV).
Thei nteraction between adjacent molecules is similar to the packing of carboxylic acids on planar metal surfaces. [14] Thea mino group does not seem to direct the assembly.W e note that more recent reports on the self-assembly of dicarboxylic-acid-containing molecules indicate that the corresponding overlayer unit cell can also be expressed after (partial) dissociation of the OÀHb ond, [14d, 15] an event which cannot be excluded based on our XPS data, especially on the Ag(111) surface.
Superimposing the simulated structure on the STM data, we find that the brighter ends coincide with the protruding functional group (see Figure 3 ). Nc-AFM data of closepacked molecular arrangements on both Ag and Au surfaces reveal different tilt angles of the phenyl rings with respect to the surface plane,e videnced by the variation of intensity in the frequency shift ( Figure S6 ). TheD FT simulation reproduces the tilt variations of the phenyl rings on the silver surface with dihedral angles of 68 8 and 228 8,s howing an unexpected effect of the molecule-molecule interaction on the molecular conformation. Some defects in the packing, such as abroken sequence of the bright/dark visualization of the molecular end groups,a re indicated by ellipses in Figure 3A .I no ther areas,s mall deviations of the direction of the molecular modules can be observed (Figure 2A ). These are signs of the simultaneous expression of different hydrogen-bonding schemes,p resumably further facilitated by molecular-bond rotations and conformational adaptability. This diversity of hydrogen-bonded building motifs is characteristic of biological modules and can result in many 2D supramolecular assemblies with very similar lattice vectors. [16] Additionally,t he surface or tunneling may mediate isomerizations, [17] such as between the Z 1 -a nd Z 2 -isomers ( Figure 1B) , without the need of bond rotations.
Additionally,t he molecules arrange in different types of molecular clusters with node motifs forming vertices between 2, 3, 4, or 5m olecules (Figure 2A) , which demonstrates the structural flexibility of the employed functional group in node construction. It should be emphasized that here,w eu se the terms "node" and "vertex" to describe the proximity of 2o r more functional groups although the molecular axes (lines passing through the biphenyl backbone) do not necessarily all intersect at the same point (examples are illustrated in Figure S7 ). Such nodes were also observed on Au(111), where the molecular structures formed assemblies that were confined to the fcc domains (Figure S2 B) .
Polyporous Network
Notably,a ni ntricate,h ighly ordered tiling was observed solely on Ag(111) (Figure 4 ), reminiscent of asliced lemon. It appears on surfaces investigated at RT with submonolayer coverages and coexists with less ordered molecular clusters and the cross-phase described in the next section. It extends in domains with dimensions of more than 50 nm across (Figure S8) and is characterized by an unusually extended hexagonal lattice of p6 symmetry oriented along the high symmetry axes of the substrate (Figure 4A) , described by the epitaxial matrix 25 0 02 5 .The unit cell (outlined in white in Figure 4A )e ncompasses 24 molecules in ar elatively low molecular density of 0.53 molecule nm À2 (approximately half of the densely packed phase). Thel arge unit cell of this structure impedes DFT simulations,however,wewill describe the observed network geometry and propose at entative molecular model hereafter. This complex structure comprises two distinct supramolecular motifs.T hese inequivalent vertices of four molecules span the complete pattern by operations of 608 8 rotations (permitted by the sixfold symmetry of the Ag substrate surface layer) and translation dictated by the unit cell. Thered and blue tiles in Figure 4A correspond to these two vertices by linking the (approximate) centers of the related biphenyl moieties.T hus,t he network can be described by at iling consisting of two building blocks corresponding to the nodes of the molecules (red and blue tiles) and three building blocks corresponding to the voids (orange,y ellow,a nd green tiles). Thepores differ significantly in size,with the orange,yellow, and green pores (see Figure 5 ) having areas of % 9.3, 4.2 and 0.5 nm 2 ,respectively,based on the van-der-Waals radii of the atoms in the proposed model. Thes maller pores could potentially stabilize asmall molecule or atomic adsorbate(s). Indeed, this seems to be the case in the AFM image of asimilar pore shown in Figure 4D (yellow arrow): the cavity has as mall round protrusion in its center, the appearance of which is consistent with the dimensions of as ingle-atomic or small molecular species such as an Ag adatom or CO molecule.
Ac areful examination of the repeated pattern in Figure 4Breveals that all BPDH molecules in this structure have their biphenyl axis aligned with respect to the Ag(111) highsymmetry direction at %AE208 8.The À208 8 clockwise rotation of the BPDH molecules enclosing the yellow-marked pore in Figure 4A ,B and the + 208 8 anti-clockwise rotation of the molecules around the orange-marked pore result in agyrated tiling with organizational chirality. [18] Thet wo enantiomeric domains (labelled R and S)a re displayed side by side in Figure 5A ,B.The chirality of the network is transferred to its pores and is expected to be crucial in directing host-guest interactions. [19] Theconfinement of guest molecules manifests in the data of Figure 4A .T he larger pores (yellow and orange) do not appear with uniform contrast. Thes treaking observed occasionally within them is evidence of mobile molecules. Importantly,w ithin some of the pores substructures appear that are reminiscent of propellers.T hese correspond to the time-averaged positions of the guest molecules during the scan time.T wo types of propellers,A(yellow) and B( pink), can be identified based on their anchoring points to the host network ( Figures 4A and 5C-F) . We attribute them to trimeric BPDH supramolecules based on the resemblance of each propeller "blade" to the STM appearance of asingle molecule,similar to the trimeric supramolecules observed for bisphenol molecules in a2Dmatrix of static molecules [20] and by dicarbonitrile molecules in ahexagonal 2D network. [21] In most cases,t he propeller molecules appear dimmer than the network molecules.T he high-resolution image in Figure 5C shows burst noise within the pores,which is indicative of rapid molecular motion. This noise,which is absent on the network structure,indicates aposition switching of the supramolecule. It can be rationalized by rotation events of the propeller similar to the rotation of the aforementioned supramolecules.
We thus tentatively propose that the structures within the pore and surrounding the anchored trimeric propeller are related to transitional positions between rotations of 1208 8.
Both identified supramolecules are chiral and the two enantiomeric propellers are separated in the respective polyporous network domains ( Figure 5C-F) , at estament to the chirality transfer from the host-network pore to the guest. In Figure 4D ,acloser look at the blue node by AFM reveals that the phenyl moieties of the building blocks exhibit different tilt angles with respect to the surface despite maintaining very similar orientations with respect to the high-symmetry axes.Aline appears to join two phenyl moieties of the parallel molecules on the left (indicated by the blue arrow in Figure 4D ). Such features do not necessarily indicate chemical bonds or the presence of atoms,but instead were shown to appear due to the bending of the CO on the AFM-tip apex, an effect which can prominently occur for geometrically protruding atoms in close proximity. [22] XPS measurements ( Figure 2E )s hortly after RT deposition show ad ecrease in the relative intensity of the O1ss ignal attributed to the À OH groups,i ndicating ap artial deprotonation of about 30 %atR T. Since the polyporous structure is observed following BPDH deposition on an Ag(111) at RT, we relate it to the formation of hydroxamate groups.Here,it should be highlighted that the degrees of freedom of the functional group preclude as ystematic modeling of this 2D network:t oc onstruct this network, the two fourfold nodes need to be identified. There are six surface amide forms for each surface phenyl hydroxamic acid ( Figure 1B) and another four for phenyl hydroxamate.T herefore,t he sum of ten possibilities would need to be considered for each of the eight phenyl hydroxamic acid/hydroxamate moieties which compose the blue and red building blocks,a dding up to 10 8 combinations.N evertheless,o ne can propose an elementary model based on H-bridges to stabilize the network. Here we considered the ten options mentioned above based on the rationale that the small energy difference between the E-and Z-forms of an isolated molecule in vacuum ( Figure S1 ) could be outweighed by the formation of attractive H-bonding in the network. Thepossible involvement of Ag adatoms in the supramolecular nodes [23] is unlikely,b ased on the intermolecular distances.Atentative model is given in Figure 4C :i t contains hydroxamate and hydroxamic acid groups in aratio of 3:5, in accordance with the XPS signals and their configurations labelled as in Figure 1B .T he lateral supramolecular interactions in the proposed model consist of (ionic) hydrogen bonding:O H···O = C, NH···O À /NH···O = C, and CH···O À ,i ndicated by orange,g reen, and yellow ovals, respectively,i nF igure 4C.T he two highlighted nodes correspond to the blue and red nodes in Figure 4A and are sufficient to model the complete polyporous structure.
Cross-Phase
Coexisting with the polyporous network and occasionally fluently merging with it, we observed domains of ad ifferent network comprising fourfold nodes.T hese nodes have opening angles close to 908 8,resembling crosses,leading us to call it the cross-phase.Azoomed-in view of the structure is shown in Figure 6A ,whereas an overview can be found in Figure S9 A. Figure S9 ). The periodicities of the structure are indicated both in the real-and reciprocal-space representation.C)T op and side view of asimulated S node in the ordered racemate. C, O, N, H, and Ag atoms are represented in brown, red, blue, white, and silver color, respectively.
Theassembled networks extend to cover atomically flat areas. Examination of the fourfold nodes reveals their chirality, labelled purple and green in Figure 6t od enote R and S, respectively,a nalogous to chiral nodes reported in other surface-supramolecular synthons. [24] Both R and S nodes are found to align along the 11 " 2 ÂÃ direction of the Ag surface. Within the 2D networks formed at RT,n arrow areas of conglomerates of R or S node columns (marked by purple and green dashed lines in Figure 6A )a re found. Ther andom sequence of R and S nodes results in ah eterogeneity of the pores in the network. Based on the R:S ratio in the four nodes surrounding each pore,e ight possible kinds of chiral rhomboid pores with various dimensions and shapes occur,a s shown in Figures 6a nd S10. Them olecular density of the homochiral structures is about 0.66 molecule nm À2 .S ince 1D chiral switches are very frequent, one may suggest that the irregular alteration of the R and S nodes along the 1 " 10 ÂÃ direction of the Ag surface is the signature of 1D randomness ( Figure 6A ). [25] Indeed, the randomness in these domains is also evident as streaks in the fast Fourier transform (FFT) of the STM micrographs (see inset in Figure 6A and Figure S9 B ). However,a dvancing the control in the expression of this 1D randomness beyond the earlier report, [25] we discovered that after annealing at % 443 K, the randomly distributed R and S chiral nodes alternate regularly to form an ordered racemic mixture of RSRS lines as shown in Figure 6B .T his treatment also eliminates the presence of other structures. The RSRS cross-structure displays anetwork of high ordering with fewer defects,a se xemplified in larger-scale STM data (Figure S9 C) , with the corresponding FFT (inset in Figure 6B and Figure S9 D) demonstrating sharp spots representing the reciprocal lattice.T he rectangular unit cell of the structure (indicated in real-space and reciprocal-space images in Figure 6B) includes one R node and one S node and has adensity of % 0.68 molecules nm À2 .S ince this structure did not appear on the Au(111) surface,which offers aclosely related epitaxial environment, we deduce that it is driven by the chemical interaction of the molecule with the Ag surface.
To rationalize its appearance and the increased order of the reticular superstructure composed by these chiral nodes, we turn our attention to the XPS results in Figure 2E .W e consider that the molecules in the 2D network with 1D randomness also contain hydroxamate groups,s imilar to the polyporous network. Theh etero-deprotonation of the molecules drives the 1D random alternation of R and S nodes.On the contrary,the 2D network with the regular arrangement of racemic nodes consists solely of molecules with hydroxamate groups,b ased on the low signal of À OH group in XPS measurements after annealing at 373 K ( Figure 2E) . To propose amolecular model, we performed aDFT simulation of the regular 2D network with ar acemic mixture of nodes. Here,acis-isomer with two deprotonated ÀOH groups is used due to the asymmetric bonding of each molecule:t he molecule sides are always involved in one R node and one S node,w hereas a trans-isomer would result in homochiral domains.B yu sing the cis-isomer,i tw as also possible to reproduce the observed "long" and "short" intermolecular distances of opposite molecules at the nodes,whereas for the trans-isomer,t he equal intermolecular distances were found at the nodes.I nt he simulated structure ( Figure 6C ), C = O···H À Cand N À O···H À Nintermolecular hydrogen bonds are found between the two left molecules and C = O···H À C bonding occurs between the two molecules on the right. The side view in Figure 6C reveals that the node is stabilized by as trong interaction with the surface,e videnced by the anchoring of the Oa toms,w hich leads to ab ending of the molecular backbone.T he result is au nique cross-structure, which appeared only on the silver surface.
Conclusion
In summary,w ef ound that the bioinspired hydroxamic acid linker molecules offer functional groups with great versatility for hydrogen-bonded nodes supported on the noble metals Au and Ag. Ther elated 2D structures exhibited RT stability with densities varying by af actor of almost two between the close-packed and more open phases.T heir formation is controlled by acombination of surface coverage and temperature treatment as summarized in Figure S11 . We demonstrate that the molecular configuration and the "passive" biphenyl backbone is not ar igid unit but will adapt its adsorption geometry to the different supramolecular assemblies.T his finding is important for the design of complex nano-architectures.I nterestingly,o nt he Ag(111) surface, ad ynamic adaptation of the supramolecular assemblies is found with the gradual dehydrogenation to hydroxamate. This gives rise to an exceptional polyporous hexagonal framework of unusual complexity,f eaturing organizational chirality.T he degree of dehydrogenation also provides control over the ordering of the chiral nodes in ac rossnetwork:1 Dr andomness vs.r egular racemic 2D networks. Although here,t he reactivity of the substrate was used to access the deprotonated state,w en ote that such states can also be realized in vacuum by employing an electrospray ionization deposition system [26] instead of organic molecularbeam epitaxy.The use of hydroxamic acid as adirecting group in surface-supramolecular assemblies can significantly expand the accessible surface tessellations of 2D molecular networks with high potential as templates.T ot he best of our knowledge,t he geometrical tessellation of the polyporous framework was not achieved by molecular architectonics yet. We anticipate that the polyporous network can provide atemplate with considerable size selectivity for, for example,n anoparticles,whereas the chirality of the pores in these networks can lead to the chiral recognition of larger guest molecules. Indeed, the larger pores are shown to promote the formation of enantiospecific trimeric supramolecular guests.T his is another demonstration of ad ynamic adaptation of the supramolecular building block:f rom the fourfold node assembly of the host to the threefold node assembly of the guest, guided by the spatial confinement and the host-grid arrangement.
